The two year operating results of the open cycle-gas turbine propulsion plant in the John Sergeant are given with reference to the actual performance, economy, and durability of the components of this marine drive. The operational records show that this type engine can compete favorably with conventional propulsion systems. Similarly, the operating results of the free piston gas-turbine propulsion plant in the William Patterson are given with limited operational experience at this time. The free-piston-installation operating record is submitted as preliminary.
Fig.l John Sergeant on trials.
The experimental installations by the Maritime Administration of two types of marine gasturbine prime movers; namely, the regenerative, open-cycle, gas-turbine plant in the converted Liberty ship John Sergeant and the free-piston, gasifier-gas turbine plant in the converted Liberty ship William Patterson have stimulated interest and discussion throughout the marine industry. These marine drives are intended to develop promising new types of propulsion for the U. S. merchant fleet by testing their potential value under actual commercial operation. This paper gives service experience obtained on the John Sergeant and the William Patterson. Service experience with the John Sergeant covers approximately a 2-year operating period since its completion in September 1956. During this time, the Sergeant sailed over 94,000 nautical miles with a total of 6567 operating hours on the open cycle-gas turbine plant.
The information pertaining to the William Patterson deals with performance only. No attempt is made to include any details of construction of the main propulsion machinery other than those which have been modified or redesigned to correct deficiencies. The data presented must be considered preliminary and subject to change as additional operating hours on the vessel are obtained. This is necessary since modifications and redesign of component parts and systems are continually being made as more is learned about free-piston machinery. The Patterson has sailed approximately 50,000 nautical miles during the 14-month operating period since its delivery in September 1957. The data presented are intended to show typical performance characteristics of the propulsion machinery during the official sea trials, and during service voyages before and after modifications to the turbines. The operating difficulties enumerated are those which are considered to be of major importance or are peculiar to free-piston machinery. Minor difficulties which are normally expected in any new design propulsion system are not mentioned.
The first part of this paper will deal with the ship log data and experience of the John Sergeant primarily associated with the ship's commercial voyages beginning with voyage No.2 through voyage No.11. The second part of this paper will deal with trial data and commercial voyages of the William Patterson.
GTS JOHN SERGEANT
The gas-turbine ship John Sergeant has been thoroughly described in several papers for its design and installation features, including trials and performance (1, 2, 3, 4, 6 and 7).
Briefly, the principal components of this regenerative, open-cycle, 6600 continuous shaft horsepower, gas-turbine marine plant are as follows:
1 Numbers in parentheses designate references at end of paper. Power distribution between high-pressure and lowpressure turbine is controlled by the governor acting on the variable-area, second-stage nozzles. Maximum turbine-inlet temperature is 1450 F and maximum exhaust temperature is 950 F. gear with tooth loading K-factor of 125 on highspeed side and 90 on low-speed side. Equipped with attached multiple-disk shaft brake which is hydraulically cooled and remote actuated. c Pin-fin-type regenerator of 80 per cent effectiveness mounted in two separate sections, port and starboard locations, and arranged with automatic gas by-pass for waste-heat-boiler operation.
d Automatically controlled waste-heat boiler (converted from one of the ship's original oil fired boilers) for supplying auxiliary steam to turbine-generator set, evaporator, air ejector, auxiliary steam pumps, and heating steam for fuel, fresh wash water and quarters.
e Fuel-oil washing and additive system to clean, de-salt, and treat bunker C fuel.
f Controllable and reversible-pitch propeller hydraulically actuated and remote controlled from engine-control platform and bridge.
Sergeant Operating Data
Operating information shown in Tables 1 and  2 was derived from ship's engine department data logged during the 2 years of commercial operation. These data cover only the trans-Atlantic passages and indicate the average performances of the propulsion plant during all conditions of weather and seas. The log information excludes temperature and pressure readings of auxiliary equipment and Systems which are considered normal to any marine plant. Tables 1 and 2 show some indeterminate values marked "variable" for shaft horsepower and fuel consumption. In these cases, bridge demands have required ship speeds or powers below normal with repeated variations so that a true average could not be determined by the watch engineer. Usually rough seas or heavy weather during the winter season in the North Atlantic required these power variations.
A condensation of the average values of logged data is shown in Table 3 and covers only basic information usually of immediate interest to a ship operator.
Gas-Turbine Unit Based on engine operation logged through ship voyage No.11, the gas turbine rotors including the compressor, shaft seals, first and secondstage nozzles have needed no adjustments or repairs. At the end of 2880 engine operating hours a partial examination and inspection was made of the compressor blades, first-stage nozzles, compressor and power-turbine blades with no evidence to indicate that further examination was necessary. Fig.4 is a photograph of an unwashed segment of the first-stage nozzle taken at the end of a trans-Atlantic passage. A slight accumulation of soft, powdery, magnesium sulphate can be seen. These deposits are removed by a simple washing process performed by the crew in port (4). Routine inspections are made by the engine crew by removal of one or more sections of the combustion piping between the combustion header and the first-stage nozzle. These are made approximately every 3 months during normal port time and are readily accomplished.
Except for the breakdown of one of the attached atomizing air compressors during the maiden voyage (2), the operation of the attached plunger-type fuel pumps, all six combustors in- Fig.5 shows view of the inlet side of the axial-flow compressor with top half casing partially lifted. This photograph was taken at the end of a trans-Atlantic passage. Compressor was purposely left unwashed so that any blade deposits of salt and dirt or metallic substances could be sampled. Blades showed no deterioration from corrosion or salt attack. These deposits are removed by compressor water-washing equipment while unit is in operation (4).
Regenerator
The regenerator has operated throughout this 2-year period with complete freedom from operating trouble. Originally, this equipment was expected to require periodic cleaning. Steamlance cleaning was performed in the early voyages. Experience has shown that cleaning is not necessary because fuel-treatment chemical deposits level off after 8 or 10 days of continuous normal power operation. The apparent heat loss does not affect the ship's over-all fuel rate to any noticeable extent because the available heat is recovered in the waste-heat boiler.
Although provision was made in the Sergeant for regenerator-bundle removal, it can be questioned if this normal design precaution is necessary.
Gas-Turbine Ducting System
The ducting system from the compressor discharge throughout the system terminating at the stack has proved to be completely adequate, reliable and free of maintenance (6). The main air-intake ducting (which is part of the ship's structure) and the silencer are of carbon-steel construction. These are beginning to show some corrosion in spots where paint has flaked but there is no immediate need at this time for repainting the interior of the intake duct nor for any maintenance on the silencer. However, because of the low noise level of the unit and the generously designed intake duct, the silencer could be eliminated in this ship if found necessary to avoid maintenance or replacement.
As a result of the limited space and the congestion of ducting over the main turbine unit, a detailed turbine and compressor inspection will be a major undertaking. Ducting arrangement in the Sergeant was a product of necessity and compromise which, of course, would resolve itself more readily in a new ship.
Main Reduction Gear and Shaft Brake
The 2-year operating record of the rotating elements including couplings indicates that tooth contact is good and wear surfaces are in excellent condition.
Use of the hydraulically operated and oilcooled, multiple-disk shaft brake has been restricted due to an unsatisfactory design of shaft seal. Contaminated oil (grit) is carried over into the main lube-oil system from the brake-oil system.
Application of the shaft brake has been limited to unusual pierside conditions where engine start-up is desired without turning of the propeller. However, the lack of a full-duty shaft brake has not proved to be a disadvantage in maneuvering at docks.
Waste-Heat Boiler
No trouble has been experienced with any portion of the waste-heat boiler as a functional piece of equipment. The automatic by-pass damper controls, including the automatically controlled steam superheater in the turbine-exhaust trunk, have proven to be completely reliable in operation. The utilization of an obsolete type Liberty boiler in this plant, although successfully applied, is considered undesirable from a space and weight point of view. This objection of course was not vital in a compromise conversion of this type.
It is of interest to note that the dieselgenerator unit, which is a standby for the turbogenerator set, is not used during sea operation. Its use would reduce the waste-heat boiler steam demand by about 3500 lb per hr, but, the ship's fuel rate would be adversely affected by the fuel consumption of the diesel.
Diesel Fuel
Diesel fuel was used throughout voyages Nos.1 and 2 and part of voyage No.3 to enable the ship's engineers to obtain operating experience with the new equipment and allow for making minor turbine-governor adjustments expected in this early operating period. After voyage No.3 diesel fuel was limited to low-power pilot runs in restricted harbors and channels. In recent voyages 8 low-power pilot runs have been made with bunker C fuel and this has been the result of greater confidence and experience.
The maximum diesel-oil storage now available on the ship is about 750 bbl capacity. This supply serves the galley range (about 20 gal per day) and the occasional port use of the standby ship's service diesel-generator unit.
Bunker C Fuel and Fuel Treatment
The bunker C fuel burned through voyage No.11 was a low-vanadium type (averaging about 58 parts per million). Other typical characteristics were sodium 15 ppm; API gravity 18.9; viscosity (SSF at 122 F) 88; sulphur 1.55 per cent. This fuel is available to the ship operator in the New York area and had been previously selected for a hightemperature plant in a passenger liner.
Briefly, the bunker C treatment system consists of fuel-washing equipment such as tanks, heaters, recycling-type centrifuges, meteringtype pumps for wash water, additive and emulsionbreaker liquids. Operating experience with the entire fuel-treatment system has proved highly satisfactory in providing the protection for the gas turbine against vanadium corrosion and formation of hard-scale deposits. Admittedly, this experience is based on use of a low-vanadium fuel. The outstanding skill and technique of fuel-system operation by the ship's engineering crew must be recognized as a key part of this record.
As a result of the service developed experi- ence with the treatment system there are no longer any practical limitations on the chemical or physical characteristics of the bunker C fuel which may be used on the John Sergeant. The only effect will be to increase the quantity of treatment chemical which will be consumed (4).
Fuel Rate and Power
Operating data on specific fuel rate for the Sergeant are plotted in Fig.6 and show the range of the specific fuel consumption based on the logged trans-Atlantic passages. Since the plant utilizes waste-heat steam for all its auxiliary services, the propulsion fuel rate is also the all-purpose ship's fuel rate. North Atlantic ambient air temperature averaged 60 F and this favorable condition resulted in an improved fuel rate over the original and conventional 80 F design standard for the gas turbine. The ship's normal power fuel rate averaging 0.522 lb per shp is about 10 per cent lower than a modern steamturbine marine plant such as proposed for the 6500 normal shaft horsepower Maritime Administration's Freedom design ship. Fig.7 shows the gas-side heat balance which was derived from averaged operating data. The gas-side heat balance is in close alignment with the average operating values reported in Table 2 outbound passage of voyage No.9 with the exception of the slight differences in reported power and turbine exhaust temperature.
In this conversion, utilization of steam for existing auxiliary ship equipment and services was extensive. As a result, a proper balance of waste-heat recovery was required to get the maximum operating economy from the cycle. The ship's normal steam needs are maintained with power output as low as 3500 shp without supplementary oil firing. The steam-side flow diagram shown in Under operating conditions, there are many variables which affect power in this type drive. The data taken on trials, under controlled conditions with calibrated torsionmeter and thrust meter, as well as the information obtained during voyage No.1 with the same instrumentation form the basis for estimating shaft horsepower. It is agreed that a permanently installed torsionmeter and possibly a thrust meter would be desirable.
Model Basin tests of the Sergeant's hull with full displacement and with propeller pitch and RPM of 18.0 ft and 105, respectively, show that 6000 shp is required for a 15.90-knot speed under ideal conditions of clean bottom and smooth sea. The judgment of the ship's chief engineer in assigning log readings of shaft horsepower appears reasonable and can be verified with (a) trial data, (b) Model Basin tests.
Controllable-Pitch Propeller
At the beginning of voyage No.5, the propeller oil system developed a serious leak, amounting to about 12 gal per hr. Upon examination, one of the sockets in which the blades are secured was fractured at the base of the outer flange, Fig.9 . Other blade sockets showed cracks in the same area. Corrosion in these areas indicated that stress concentration caused the failure. On the replacement sockets, the surfaces in stress areas were overlaid with arcwelded monel to avoid corrosion pits. In addition, a modified-design, blade-seal ring was installed.
At the end of voyage No.11, which marked the completion of 2 years of service, a routine examination of the propeller was made primarily to check on the condition of the blade-seal rings. On removal of one blade, cracks were again de- tected in the blade socket in the same area that failed previously. Metallurgical examination of the sockets revealed evidence of fatigue cracking at stress-concentration points around the dowel holes. The socket design was modified to increase the thickness of the upper flange, increase the diameter of the dowel pins, and reduce the depth of the dowel holes in the socket. Also, a thorough check of the monel overlay was made to avoid initial defects.
Propeller Performance
Since completion of the first year operating period, the propeller has rendered excellent performance under severe operating conditions, including a voyage into the Arctic ice region. The pitch-control system, with only a li-hp pump unit, operating continuously, maintains the blade pitch at any desired setting for any power output. Initial troubles with pitch creeping and shock waves in the hydraulic piping were corrected in the early stages by modifying the 4-way control valve and stiffening the follow-up linkage. The structural failure of blade sockets is a problem that can be solved by design refinements. The modifications accomplished thus far have been limited by the expediency of retaining the existing blades and hub. By increasing the hub diameter from 52 to 54 in., further reinforcing of the critical sections could be made which would extend the durability of the hub assembly to equal the normal life of a solid propeller.
Although a necessity in this power drive, the controllable-pitch propeller has proved to be a valuable accessory to the gas-turbine plant. Superior maneuverability in restricted waters is available by quick pitch adjustments and reversals while the rotative speed of the turbine is maintained in an optimum range. For cruising operations, the pitch is adjusted to suit sea conditions and ship loading. Although the propeller and turbine can be operated from the bridge with a single-lever control, it has been considered advantageous for the engine-room crew, who have access to the complete instrument panel, to maintain control of the propulsion system in response to orders from the bridge.
The ship's master has repeatedly commented on the superior maneuvering and docking characteristics of this ship over those conventionally powered.
Engine Crew
The
For comparison purposes, a steamship of equivalent power would require three additional unlicensed engine crewmen.
The accompanying table gives the record of ship detentions and repairs.
Improvements Made to Plant
Replaced one of the two oversized and inefficient Liberty ship boiler feed pumps for the waste-heat boiler with a correct (30-gpm) size motor-driven, plunger-type feed pump. This improvement reduced steam consumption and permitted waste-heat boiler operation at reduced power without starting up separately fired boiler. Installed a new diesel oil burner to permit emergency firing of boiler. The original fuel burners in waste-heat boiler could not be operated safely due to foreshortened flame travel caused by new arch (1, 2).
Replaced original Liberty steam-reciprocating fuel-oil service pump with a motor-driven fueloil pump to serve the standby boiler. This change conserved steam.
Redesigned float controls for the purifier clean-oil tanks.
Installed a li-hp motor-driven pump for the propeller-control oil system to prevent rapid cycling of one of the two 15-hp motor-driven control oil pumps during periods of unchanged pitch settings.
Installed remote manual control on engineroom console to reduce turbine-exhaust temperature and override automatic temperature governor. This improvement enabled the engineer on watch to set exhaust temperature low when maneuvering thereby preventing possible high-temper- has demonstrated ruggedness and reliability, exceptional ease in starting and operation, and better fuel economy over a marine steam-turbine plant. So far it has shown superiority over a marine diesel prime mover due to freedom of maintenance. While the Sergeant's controllablepitch propeller has caused major ship delays and high repair costs, a slightly larger propeller hub design would permit dimensional changes to be made in the blade sockets such that a potential long-life propeller can be assured. The method of treating a low-vanadium bunker C fuel has proved to be highly successful in protecting the gas turbine and use of high-vanadium fuels is now considered fully justified. Because of the inherent self-contained or packaged assembly of the prime mover with its built-in automatic control features, this type drive is operated with less attendance or manning compared with conventional marine plants. Modified the 1800-gal settling tank for the fuel-oil washing system to prevent intermixing of the separated water, sludge and cleaned fuel during heavy ship roll. Improvement consisted primarily of eliminating free surface by installing a tank-top plate at the operating oil level.
WILLIAM PATTERSON
Installed a larger fuel-oil strainer in the settling tank recirculating line to reduce crew time for cleaning fuel strainers.
Installed flame-photometric-type, fuel-testing equipment to supersede the originally installed spectrographic equipment. This new equipment is expected to simplify fuel analysis for vanadium, sodium, and magnesium-content.
Installed two improved-type, turbine-exhausttemperature detectors. The function of the detectors is to sense and actuate the turbine-temperature governor.
Installed proper type turbine governor-oil and lube-oil, pressure-regulating valves to replace original found unsatisfactory.
SUMMARY
Results of the John Sergeant commercial operation show that a marine gas-turbine drive has outstanding characteristics. This prime mover
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The propulsion plant of the Patterson consists of six free-piston gas generators, called gasifiers, each rated at approximately 1250 gas horsepower and two 3000-shp reversible gas turbines connected to the ship's propeller through a double-reduction, locked-train, marine reduction gear (5).
The free-piston gasifiers are arranged side by side and placed athwartship. Fig.11 shows the exhaust end of the gasifiers looking from port to starboard. The gasifiers supply gas to a common athwartship manifold from which two gas lines lead to each split admission turbine. The exhaust from the turbines independently led up through the smoke pipe. A schematic arrangement of the basic plant is shown in Fig.l2 .
The gasifiers are started on diesel fuel using ship service compressed air. All of the air for combustion and scavenging is taken from the engine room. The gasifiers operate on the two-stroke diesel cycle. After a short running period on diesel fuel, the gasifiers are changed to bunker C fuel.
There are no restrictions on the properties When starting, the gas generated is by-passed to the atmosphere; subsequently the gas is directed to the turbines where two control valves per turbine apportion the gas flow to the ahead and astern stages. By varying the position of the control valves, all gas can be directed to either the ahead or astern turbine elements. This characteristic allows a very quick change in the direction of propeller rotation.
A-GASIFIER B -GAS MANIFOLD C-BY-PASS FOR STARTING D -AUTOMATIC SHUT OFF VALVES E -BY-PASS SHUT-OFF VALVES F-REVERSING GAS CONTROL VALVES FF-GAS HEADER VALVES -HYDRAULIC ACTUATOR FOR CONTROL VALVES F AND FF H -AHEAD TURBINE J -ASTERN TURBINE K -REDUCTION GEAR L -TURBINE EXHAUST LL-BY-PASS EXHAUST -TURBINE INLET SHUT-OFF VALVES
A hydraulic system operating at a maximum pressure of 110 psig is provided for power-plant control. One hand wheel on the engine-room control console operates the plant for all ranges of power, ahead and astern. The control system incorporates the normal safety devices such as turbine over-speeding, low lubricating oil pressure, and so on.
The manning scale for the engine department is identical to that of the Sergeant -5 licensed engineers and 7 unlicensed ratings.
Official Sea Trials
All of the air for combustion and scavenging is taken directly from the engine room which is supplied with air from four mechanical draft fans. Prior to official sea trials, it was necessary to modify the air-intake system for the gasifiers to reduce air pulsation within the engine space.
After extensive testing aboard ship, an intake system was developed which reduced air pulsation to one third of the original level without excessive pressure loss in the gasifier intake system. Each gasifier intake was fitted with a cylindrical chamber 30 in. diam by 7 ft in length, perforated with 400 1/2-in-diameter holes. Fig.l3 shows the installation of the intake chambers on the scavenging end of gasifiers 1, 2 and 3.
The noise level in the engine room is comparable to a medium-speed marine diesel installation. Normally, the operating personnel use no protective devices for their ears. However, other personnel who are not accustomed to the sound of diesel machinery usually find the engine-room noise annoying.
The official sea trials of the vessel were conducted off the Virginia Capes on September 4, 5 and 6, 1957. The vessel was ballasted to a mean draft of 18 ft, with an 8-ft astern drag; 8920 tons displacement. The data contained here are only those which show the operating characteristics of the free-piston propulsion machinery. Economy and speed runs were conducted to obtain fuel rates and general operating data of the plant at 6000, 4000 and 2000 shp. The results of these runs are shown on Table 4 . Note that the operation at 4009 shp was with five gasifiers and one gas-supply line to the starboard turbine secured. The 2005-shp operation was with four gasifiers and one gas-supply line to both turbines secured. The fuel consumption report for this run, Table 4 , was officially reported for the sea trials; however, it is obvious that there was an error in the fuelmeter readings. By selecting the proper combination of gasifiers and turbine-gas supply lines for the load desired, the gasifiers can be operated at a load giving the best over-all economy and operating conditions. This also permits emergency repairs or routine maintenance to gasifiers underway without appreciable loss in over-all ship performance.
A schematic diagram showing average pressures and temperatures for 6090 shp at various points throughout the propulsion system is shown on This was subsequently corrected by providing more gas circulation through the ahead stages when running astern. A second successful astern trial was conducted after modifications to the turbines, the results of which are also shown in Table 5 .
The crash-stop astern data in Table 5 also show the good maneuverability of the propulsion plant. Using this type of control valve which can change the gas flow from the ahead to the astern elements in 5 sec along with the gasifiers which operate at approximately 30 per cent of their rated power even when idling makes possible rapid changes in power level.
Service Performance Data
Since delivery in September 1957, the ship has been in service in the North Atlantic carrying military cargo for the Military Sea Transport Service. The ship is being operated by Lykes Brothers Steamship Company, Inc., of New Orleans, La., under a general agency agreement.
The ship has been in service a little over a year and had completed four voyages as of November 1958. After voyage No.1, there was an idle period of approximately 21 months for repairs and modifications to various systems as well as to the gasifiers. There was another idle period of approximately 21 months after voyage No.3 at which time the turbines were modified to improve efficiency and some design changes were made in the gasifiers.
Most of the ocean crossings have been in fall, winter and spring months and weather conditions have not been too favorable. Because of this and numerous operating difficulties encountered with this new design power system, the average speed per crossing has only been 13.6 knots at an average displacement of approximately 9000 tons. Conditions for the outbound passage of voyage No.2 were reasonably favorable so that the ship was able to maintain an everage speed of 14.5 knots at 13,350 tons displacement. The average power developed for the 3620-mile passage was 4100 shp. The over-all fuel consumption for the ship was 0.611 lb per shphr or 0.522 bbl of fuel/mile. A summary of principal operating data is shown in Table 5 . Shipboard operation showed that the turbines were not operating at their design point for optimum matching with the gasifiers. To correct this, the following modifications were made to the turbine prior to voyage No.4: a) A new inlet nozzle ring with reduced area was installed. b) New blading for the first stage with a pitch angle compatible with the new angle of the inlet nozzles was installed.
c) The turbine internal clearances were reduced. This modification increased the turbine efficiency by reducing the leakage past the end of the blades and through the labyrinth seals. The effect of the foregoing can best be shown by comparing the performance data of the ship before and after the modifications -voyage No.2 versus voyage No.4. Conditions for the outbound passage of voyage No.4 were almost identical to those for the outbound passage of voyage No.2. For ease in comparing, the data for both passages are shown on Table 6 .
It is desired to emphasize again that the performance data presented on Table 6 must be considered preliminary and are subject to change. The shaft horsepower being developed aboard ship is always difficult to determine unless a suitable torsion meter is installed. The horsepowers recorded on the official sea trials were determined by a torsion meter designed by the David Taylor Model Basin. The horsepowers recorded for the service voyages were estimated from a series of standardization curves for the MV Thomas Nelson which has the same installed power, same hull and the same propeller. To be certain that the horsepowers recorded are reasonably correct, a David Taylor Model Basin torsion meter will be reinstalled on the ship prior to voyage No.6.
Determination of the weight of fuel used during any one passage is also difficult to determine. To establish the accuracy of the fuel meters presently installed on the ship, an additional set of calibrated meters will be installed prior to voyage No.6.
The reinstallation of calibrated instruments to measure power and fuel is desirable since the fuel consumption for the several voyages is approximately 6 to 7 per cent higher than the test-stand data. Correcting the service data to 80F intake-air temperature and to 18,500 Btu/lb heating value, the fuel consumption figures in Table 6 would be an additional 5.5 to 7 per cent lower.
Operating Difficulties and Resulting Modifications
The performance of the Patterson from a maintenance and reliability standpoint has not been too encouraging. However, it must be remembered that the use of free-piston machinery for marine propulsion in this power range is a new concept and there is much to be learned.
The intent of this paper is not to enumerate and discuss in detail all of the difficulties, but rather to summarize those which are of major concern or are peculiar to free-piston machinery such as a), air pulsation, b), piston rings, c) piston wear bands, d) power-cylinder center section, e) fuel-injection system, and f) corrosion and/or erosion. In discussing the foregoing, it has to be assumed that the reader is familiar with free-piston machinery.
Air Pulsation. Air pulsation within the engine room results in vibration to tubing, piping, and ducting external to the gasifiers. Consider- able difficulty has been experienced with breaking air, fuel, water and lubricating oil lines. This is not only an annoying and time-consuming maintenance problem, but in many cases led to more serious problems in regard to gasifier derangements. An example of this is the failure of the air-supply line to the fuel-injector pump accumulator. Failure of thii line secured the gasifiers and resulted in several failures to internal parts of the fuel-injection pump. Also, securing of the gasifiers under load resulted in carbonization of the lubricating oil in the cylinder-lubricator lines and eventual plugging. Many of the systebs have been modified to include additional flexible sections which has helped to eliminate the line failures.
Piston Rings. The two power pistons of a gasifier are designated the exhaust piston and the scavenging piston, and each is fitted with six compression rings. The exhaust piston controls the exhaust ports of the power liner, and the scavenging piston, the intake ports. Practically all ring failures have been with the top ring of the exhaust piston. Generally speaking, the scavenging piston has been free of ring problems.
Piston-ring breakage was the major operating difficulty during voyage No.l. The causes for this ring breakage were probably due to: a) Poor liner conditions which resulted during operation prior to correcting the lubricating-oil-line clogging condition mentioned previously; b) excessive peak cylinder pressures due to erratic fuel-injection timing, caused by a control oil piping deficiency discovered after voyage No.1; and c) a control problem, which has since been corrected, by which the gasifiers operated with too close an inner-dead-point which results in excessive firing pressure.
Design changes and modifications are still being made to improve ring life. A new design exhaust-power liner has been installed in three of the gasifiers. The new liner provides ten lubrication points instead of the standard five. Although the number of lubrication points has been doubled, there is no increase in the cylinder lubricating-oil consumption. The piston crown on three of the gasifiers has been lightened by approximately 9-1/2 lb by removing metal from the inside of the crown. This should effect better oil cooling of the piston and lower the ring temperature.
With the foregoing modifications, it appears that the expected ring life of the top compression ring will be 2000 to 4000 hr.
Power-Piston Wear Bands. The alloy-steel power pistons of the gasifiers are fitted with three bronze wear bands.
The average life of the wear bands on the exhaust power-piston crown has been approximately 800 to 900 hr before indexing is necessary. When a piston is indexed, the crown is rotated 120 deg with relation to the piston trunk. Since all the wear is in an arc around the bottom of the piston, indexing provides in effect a new wearing surface. Before a crown must be removed for installation of new wear bands, it can be indexed twice providing three wearing surfaces. The average total life of the piston-croWn wear bands is then 2400 to 2700 hr.
On the original piston it was necessary to index the crown when the bronze wear band had worn to a minimum thickness of 0.038 in. above the steel ring belt. By reducing the outside diameter of the piston crown in the ring-belt area by 0.010 in. and maintaining a closer tolerance on the finished dimensions of the crown and wear bands, this minimum allowable thickness has been decreased to 0.028 in. This modification should double the wear-band life. With this modification, and the improved lubrication provided by the new design exhaust liner, and better piston cooling from the thinner heat dam, it is expected that the total wear-band life can be increased to at leat 5000 to 6000 hr. No difficulty has been experienced with the wear bands on the scavenging power piston.
Power-Cylinder Center Section. The powercylinder assembly consists of three major parts; the scavenging cylinder, the center section, and the exhaust cylinder. The center section is made of forged steel and is the combustion space of the gasifier. It has four holes for fitting the fuel nozzles which spray directly into the combustion space and two holes for fitting the antechambers with their fuel nozzles. As of this writing the center section has failed in three gasifiers. The failures have all been identical -cracking at the opening for the antechamber which is an area of high stress concentration. These failures are significant as the gasifier must be completely disassembled to replace the center section which is an extremely difficult task to perform at sea. A new design center section with reduced stress concentration at this location has now been installed in all gasifiers.
Fuel-Injection System. The fuel-injection system has been relatively free of difficulties. However, the amount of nozzle maintenance required is much greater than would be expected with a diesel engine. Since there are siz nozzles per gasifier or thirty-six nozzles total, the maintenance hours are appreciable. It appears that nozzles should be overhauled after each passage if a sure, quick-starting gasifier is to be assured.
The original nozzles for the gasifiers were of a French design with flat seat valves and dieseloil cooled. At the present time, two of the gasifiers are running with noncooled nozzles with flat seat valves and one gasifier has cooled nozzles with conical seat valves. It appears that the noncooled nozzles perform as well as the cooled ones and that the time required for removal and installation is cut in half with the noncooled nozzles. There has been insufficient time to evaluate the conical-seat nozzles but the indications are that the amount of maintenance required will be materially reduced over the flat-seat nozzles.
Corrosion and/or Erosion. Since the maximum gas temperature is less than 900F there have been no vanadium corrosion problems within the turbines. There are however, two locations within the gasifier which are subject to high-temperature erosion or corrosion. The top face of the exhaust-piston crown has shown some distress from this but not serious enough to create any main-tenance problems. The antechambers, which are similar in construction and function to a precombustion chamber of a diesel engine, except that in the gasifiers they act as a post-combustion chamber from delayed injection, is subject to rapid corrosion and heat erosion which we believe is caused by the vanadium in the fuel. The life of the antechambers is approximately 1000 hr.
There have been two approaches to minimize this maintenance problem. The one approach is to eliminate the problem entirely by eliminating the antechambers and have only direct injectors. The other and most immediate approach is to increase the life of the antechambers by reducing the amount of fuel burned in the chamber. At present, approximately 10 per cent of the fuel used by a gasifier is burned in the two antechambers. New injector nozzles with a 27 per cent reduction in hole area are now available for installation in the antechambers.
Summary
It is too soon to draw any conclusions as to the suitability of free-piston machinery for marine propulsion. The early performance of the ship was very discouraging. However, much has been learned and the modifications which have been made to improve reliability are encouraging. The fuel consumption and power developed presented for voyages nos.2 and 4 are subject to verifications as previously mentioned.
It is expected that the Patterson will remain in regular service sufficiently long to permit a conclusive evaluation to be made of the suitability of free-piston machinery for marine propulsion.
